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Abstract 

The 3C-like protease (3CL pro ) of severe acute respiratory syndrome coronavirus (SARS-CoV) plays key roles in viral replication 
and is an attractive target for anti-SARS drug discovery. In this report, a fluorescence resonance energy transfer (FRET)-based 
method was developed to assess the proteolytic activity of SARS-CoV 3CL pro . Two internally quenched fluorogenic peptides, 
INC and 2NC, corresponding to the N-terminal and the C-terminal autocleavage sites of SARS-CoV 3CL pro , respectively, were 
used as substrates. SARS-CoV 3CL pro seemed to work more efficiently on INC than on 2NC in trans -cleavage assay. Mutational 
analysis demonstrated that the His41 residue, the N-terminal 7 amino acids, and the domain III of SARS-CoV 3CL pro were impor¬ 
tant for the enzymatic activity. Antibodies recognizing domain III could significantly inhibit the enzymatic activity of SARS-CoV 
3CL pro . The effects of class-specific protease inhibitors on the trans -cleavage activity revealed that this enzyme worked more like a 
serine protease rather than the papain protease. 

© 2005 Elsevier Inc. All rights reserved. 
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Proteolytic processing of viral polyproteins is a key 
step in the replication cycle of many positive-stranded 
RNA viruses, and such processing in severe acute respi¬ 
ratory syndrome coronavirus (SARS-CoV) is performed 
by papain-like protease and 3C-like protease (3CL pro ) 
[1]. The crystal structure of SARS-CoV 3CL pro was re¬ 
cently resolved by two groups [2,3], which reveal great 
similarity to the structure of the 3CL pi ° of porcine trans¬ 
missible gastroenteritis virus (TGEV) and of human 
coronavirus (strain 229E), all of which form dimers 
[2,4]. Each monomer of the enzyme contains three struc¬ 
tural domains: the first two domains form a chymotryp- 
sin fold containing the catalytic site comprised of His41 
and Cysl45, and the third domain is a globular oe-helical 
structure which is linked to domain II by a long loop 


Corresponding author. Fax: +886 2 23825962. 

E-mail address: lihhwa@ha.mc.ntu.edu.tw (F.-H. Hwang). 

0006-29 1X1$ - see front matter © 2005 Elsevier Inc. All rights reserved 
doi: 10.1016/j.bbrc.2005.04.072 


[2-4] The extra helical domain III is unique for corona¬ 
virus 3CL pro because the picornavirus 3C proteases only 
contain the chymotrypsin fold, but have no extra do¬ 
main [5-7]. The role of domain III in SARS-CoV 3CL pi ° 
is not quite clear but seems to be involved in dimer 
formation [3,4,8]. Due to its functional importance, 
SARS-CoV 3CL pro becomes an attractive target for 
structure-based drug designs against SARS [9-12]. 

To fulfill the needs of efficient and robust high- 
throughput screening of the anti-protease drugs, a conve¬ 
nient assay system for measuring the enzymatic activity is 
needed. In this study, we have established a fluorescence 
resonance energy transfer (FRET)-based method to as¬ 
sess the proteolytic activity of SARS-3CL pro . Two inter¬ 
nally quenched fluorogenic (IQF) 11-mer peptides with 
N-terminus conjugated with an <9r//z<9-aminobenzoic acid 
(Abz) and C-terminus conjugated with a lysine-2,4-dini- 
trophenylamide (Lys-DNP) were synthesized and 
used as substrates. Upon cleavage of the substrate, the 
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fluorophore was separated from the quenching group, 
generating a fluorescence signal [13,14], The enzymatic 
reactions were monitored in real time. Using the 
FRET-based method, we have characterized the enzy¬ 
matic activities of a catalytic site-mutated 3CL pro 
(H41A), a N-terminus-deleted 3CL pro (Al-7), and a do¬ 
main Ill-deleted 3CL pro (AIII). We also used the system 
to demonstrate that some protease inhibitors and mono¬ 
clonal antibodies recognizing domain III had inhibitory 
effects on the proteolytic activity of SARS-3CL pro . The 
FRET-based real time assay provides an ideal platform 
for exploring the inhibitors against SARS-CoV 3CL pi ° 
and is a convenient system to study the kinetics of prote¬ 
olytic reactions. 

Materials and methods 

Construction of pET28b-3CL pro . The cDNA corresponding to 
SARS-CoV (strain TW1) nt 9985-10,902 coding for the 3CL pro protein 
was amplified by PCR from the reverse transcriptional mixture pro¬ 
vided by Dr. P.J. Chen (Graduate Institute of Clinical Medicine, Na¬ 
tional Taiwan University, Taipei, Taiwan). The PCR product was 
cloned into the pET28b vector (Novagen) and the resulting plasmid, 
designated as pET28b-3CL pro , was verified by sequencing. 

Expression and purification of the 3CL P '° protein. The plasmid 
transformed Escherichia coli cells were grown at 37 °C until ^4 60 o 
reached 0.6-0.8 and then induced to express the recombinant protein 
with 0.5 mM isopropyl-1-thio-P-D-galactopyranoside (IPTG) for 3 h. 
The cells harvested were disrupted in buffer A (20 mM Tris-HCl, pH 
8.0, 500 mM NaCl, and 5 mM imidazole) and cell lysate was applied to 
a nickel affinity column (Amersham Pharmacia Biotech AB, Uppsala, 
Sweden). After wash, the 3CL pro protein was eluted with a 12-100% 
linear gradient of buffer B (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 
and 250 mM imidazole) in buffer A. The fractions containing 3CL pro 
were pooled and dialyzed against the storage buffer (20 mM Tris-HCl, 
pH 8.0, 50 mM NaCl, and 1 mM EDTA). The sample was concen¬ 
trated and stored at -80 °C in storage buffer containing 50% glycerol. 
The proteins were more than 95% pure as assessed by SDS-PAGE. 

Deletion and point mutation. Using pET28b-3CL pi ° as a template, 
three mutant clones (H41A, Al-7, and AIII) were generated by one- 
primer PCR method as described previously [15]. The single primer 
5' - CACAGTATACTGT CC AAGAGCT GT CATTT GC ACAGCAG-3' 
was used for the substitution of His41 with an alanine, primer 5'- 
CAGCAAAT GGGT CGGG AT CCCTT CCCGT C AGGC A A AGTT G 
AA-3' was used for the deletion of the N-terminal 1-7 amino acids of 
3CL pro , and primer 5'-GCAGGTACAGACACAACCATAGCGG 
CCGC ACT CG AGC ACC AC- 3 ' was used for the deletion of the C- 
terminal 201-306 amino acids of 3CL pro . All the mutant clones were 
verified by sequencing. 

Protease activity assay using the IQF peptide substrates. Two 
synthetic IQF peptides, INC (Abz-Thr-Ser-Ala-Val-Feu-GlnfSer-Gly- 
Phe-Arg-Lys-DNP) and 2NC (Abz-Ser-Gly-Val-Thr-Phe-GlniGly- 
Lys-Phe-Lys-Lys-DNP) (Genemed Synthesis, South San Francisco, 
CA), were used in this study (f indicates the cleavage site). The reac¬ 
tion mixture (30 pi) contained 5 mM Hepes, pH 7.3, 1 mM DTT, 
25 mM NaCl, 0.025% Triton X-100, 100 pM peptide substrate, and 
6 pM 3CL pro . Reactions were performed in a 384-well black microtiter 
plate incubated at 32 °C. After the enzyme was added, the increase of 
fluorescence was recorded continuously using a Labsystems fluorom- 
eter (Fluoroskan Ascent) with a plate reader accessory with excitation 
and emission wavelengths of 320 and 420 nm, respectively. The kinetic 
parameters were determined by Fineweaver-Burk plot using 6 pM 
enzyme and 25-400 pM peptide substrates. 


Analysis of peptide cleavage by HPLC. The cleavage assays were 
carried out in a reaction mixture as described above for 3 h at 32 °C 
and then stopped by the addition of 1% formic acid. The reaction 
products were resolved on a Qg analytic column (4.6 mm x 250 mm, 
Beckman, Fullerton, CA) using a 0-60% linear gradient of 80% ace¬ 
tonitrile in 0.06% trifluoroacetic acid, at 1ml min -1 flow rate. The 
elution was monitored at an absorbance wavelength of 220 nm. 

Inhibition assays. The inhibitory activities of protease inhibitors or 
antibodies toward 3CF pro were measured in a reaction mixture lacking 
DTT in the presence of various concentrations (0-400 pM) of the 
inhibitors or different amounts (0-5 pi) of antiserum or monoclonal 
antibody ascites. Two cysteine protease inhibitors, A-ethylmaleimide 
(NEM) and E-64, and two serine protease inhibitors, Aa-p-Tosyl-L- 
lysine chloromethyl ketone (TFCK) and TV-p-Tosyl-L-phenylalanine 
chloromethyl ketone (TPCK) (Sigma), were used in this study. The 
antibodies used were rabbit anti-SARS-CoV 3CF pro antiserum and 
three mouse anti-3CF pro monoclonal antibodies (our unpublished 
data). 

Results and discussion 

Expression and purification of SARS-CoV 3CL pro and its 
mutants 

To establish a FRET-based assay, the wild-type 
SARS-CoV 3CL pro was first expressed in E. coli and 
purified to nearly homogeneity (Fig. 1A). Meanwhile, 
three mutant proteins, the 3CL pi ° having the His41 
substituted with an Ala (H41A), a deletion of the N-ter¬ 
minal 1-7 amino acid residues (Al-7), and a deletion of 
domain III (from aa 201 to 306) (AIII), were expressed 
as well to assess the roles of the residue and the domains 
in the proteolytic activity of SARS-CoV 3CL pro . Due to 
the extra sequences derived from pET28b, the full-length 
SARS-CoV 3CL pro was expressed as a 39.5 kDa protein 
containing His6-tag at both the N-terminus and the 
C-terminus. However, it was realized that the C-termi¬ 
nal sequences of SARS-CoV 3CL pro , VTFQ, while in 
connection with the 11 amino acid residues of vector 
pET28b, AAALEHHHHHH, could actually form a 
consensus cutting site for SARS-CoV 3CL pro , 
VTFQlAAA. The resulting protein would then be 
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Fig. 1. Expression and purification of recombinant SARS-CoV 
3CF pro and its mutants. The recombinant proteins purified by 
Ni-affinity column were analyzed by SDS-PAGE on a 15% polyacryl¬ 
amide gel and stained with Coomassie brilliant blue (A), or reacted 
with rabbit anti-SARS-CoV 3CF pro polyclonal antiserum (B), or with 
a mouse monoclonal antibody, mAb 4, against SARS-CoV 3CF pro 
(C). Molecular size markers (in kDa) are indicated on the left. 
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37.4 kDa instead of 39.5 kDa (Fig. 1A). Thus, the 
results clearly suggest that the SARS-CoV 3CL pro 
expressed possesses cis -cleavage activity. 

On the contrary, all the other three mutant proteins 
apparently did not possess proteolytic activities, their 
sizes were the same as anticipated, i.e., 39.5 kDa 
(H41A), 38.7 kDa (Al-7), and 27.7 kDa (AIII). All 
the 3CL pro and mutant proteins were recognized by 
a rabbit anti-SARS-CoV 3CL pro antiserum (Fig. IB). 
However, all but AIII were recognized by a mouse 
anti-SARS-CoV 3CL pro monoclonal antibody (mAb 
4) (Fig. 1C), suggesting that this monoclonal antibody 
might recognize the epitope residing in domain III. 

Enzymatic activity of SARS-CoV 3CL pro and its mutants 

Two IQF peptides, INC and 2NC, were used for in vi¬ 
tro £ra/?y-cleavage assay. The sequences of these corre¬ 
spond to the N-terminal and the C-terminal 
autocleavage sites of SARS-CoV 3CL pro , respectively. 
The enzymatic activities of SARS-CoV 3CL pro toward 


INC and 2NC were analyzed by direct monitoring of 
the increase of fluorescence in real time (Fig. 2A). In par¬ 
allel, the cleaved products obtained at the 3-h reaction 
were analyzed by reverse-phase HPLC (Fig. 2B). Both 
FRET-based and HPLC-based assays indicated that 
the wild-type SARS-CoV 3CL pro had better cleavage effi¬ 
ciency on INC than on 2NC. According to the HPLC 
data, more than 90% of INC were cleaved by SARS- 
CoV 3CL pro in 3 h, whereas only about 50% of 2NC were 
cleaved (Fig. 2B). Kinetic parameters were calculated 
based on the FRET-based assays. The K m value for 
INC was 145.69 pM, the K cat was 0.604 min -1 , and the 
K ca t /Km was 4.143 mM -1 min -1 . For 2NC, the K m was 
252.47 pM, the K cat was 0.303 min -1 , and the K cat /K m 
was 1.20 mM -1 min -1 . 

On the contrary, the three mutants had extremely low 
proteolytic activities on both peptide substrates, as mea¬ 
sured by FRET-based assays (Fig. 2A). The results indi¬ 
cate that the N-terminal 7 amino acids and the domain 
III are as important as the catalytic His41 residue in the 
proteolytic activity of SARS-CoV 3CL pro . 
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Fig. 2. Protease activity assays. (A) FRET-based method. The reaction contained 100 pM IQF substrate (INC or 2NC) and 6 pM the wild-type 
SARS-CoV 3CL pro or the mutant proteins, and carried out for 3 h as described under Materials and methods. The fluorescence was monitored in real 
time by a plate reader. (B) HPLC-based method. The reaction was carried out for 3 h and the cleaved products were analyzed by HPLC as described 
under Materials and methods. Peak 1 are the original peptide. Peaks 2 and 3 are the cleaved N-terminal and C-terminal fragments, respectively. Peak 
4 are impurities in the original substrate solution. 
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Inhibitory effects of protease inhibitors on SARS-CoV Inhibition of SARS-CoV 3CL pro activity by monoclonal 

3CL pro antibodies that recognized domain III 


SARS-CoV 3CL pro belongs to the cysteine protease 
family with a chymotrypsin fold, thus it is interesting 
to know whether it is inhibited by serine protease 
inhibitors or by cysteine protease inhibitors. The inhib¬ 
itory effects of two serine protease inhibitors, TLCK 
and TPCK, and two cysteine protease inhibitors, 
NEM and E-64, were tested in this FRET-based assay. 
Data shown in Fig. 3 demonstrate that both serine 
protease inhibitors reduced the enzymatic activity of 
SARS-CoV 3CL pro in a dose-dependent manner. How¬ 
ever, the results for the two cysteine protease inhibi¬ 
tors were inconsistent: while NEM had significant 
inhibitory effects on SARS-CoV 3CL pro , E-64 did 
not inhibit it at all. The data support the idea that 
SARS-CoV 3CL pro works following a general base 
mechanism like the serine proteases, but not following 
a thiolate-imidazolium ion pair catalytic mechanism 
like the papain protease [16]. However, NEM probably 
inhibits the proteolytic activity of SARS-CoV 3CL pro 
via directly blocking the catalytic Cysl45 residue, 
due to its ability to bind stoichiometrically to the sulf- 
hydryl (SH) group of cysteine in the cysteine protease 
family. 


Previously we have generated three monoclonal anti¬ 
bodies, mAb 3, mAb 4, and mAb 6, that could recognize 
full-length SARS-CoV 3CL pro but not the protein lack¬ 
ing domain III (Fig. 1C and data not shown). We inter¬ 
preted that these monoclonal antibodies probably 
recognized the epitopes residing in domain III. There¬ 
fore, we were interested to test whether they could inhi¬ 
bit the proteolytic activity of SARS-CoV 3CL pro in the 
^nmy-cleavage assay. A rabbit anti-SARS-CoV 3CL pro 
polyclonal antiserum was also tested. Data shown in 
Fig. 4 reveal that all three monoclonal antibodies could 
inhibit the enzymatic activity, whereas the polyclonal 
antiserum did not have the inhibitory activity. To our 
knowledge, this is the first report demonstrating that 
the enzymatic activity of SARS-CoV 3CL pro could be 
inhibited by antibodies. The results further confirmed 
the pivotal roles of domain III in the proteolytic activity 
of SARS-CoV 3CL pro . 

In summary, a FRET-based method for detecting the 
proteolytic activity of SARS-CoV 3CL pro was evaluated 
in this study. The kinetic studies showed that the N-ter- 
minal autocleavage site of SARS-CoV 3CL pro was a bet¬ 
ter substrate than the C-terminal autocleavage site in the 
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Fig. 3. Effects of protease inhibitors on the activity of SARS-CoV 3CL pro . Two serine protease inhibitors, TLCK and TPCK, and two cysteine 
protease inhibitors, NEM and E-64, ranging from 0 to 400 pM were added to the reaction mixture containing the INC substrate. Fluorescence was 
monitored continuously. The data shown are the (means ± SD) fluorescence intensity at the 3-h reaction. 
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Fig. 4. Effects of antibodies on the activity of SARS-CoV 3CL pro . 
Different amounts (l-5|il) of mouse anti-SARS-CoV 3CL pro mono¬ 
clonal antibody (mAb 3, mAb 4, or mAb 6) or rabbit anti-SARS-CoV 
3CL pro polyclonal antiserum (pAb) were added to the proteolytic 
reaction mixture containing the INC substrate and the fluorescence 
was monitored continuously. The data shown are the fluorescence 
intensity at the 3-h reaction. 

trans -cleavage assay. Recently, Fan et al. [17] have sys¬ 
tematically analyzed the substrate specificity of SARS- 
CoV 3CL pro and found that the P2 position of the 
substrate required a large hydrophobic residue for the 
hydrophobic interaction between the P2 position and 
the S2 pocket of the enzyme, as indicated by the crystal 
structure [2,4], Although Phe, Yal, and Met are tolerant 
at P2 for SARS-CoY 3CL pro [18], the mutation of Leu- 
P2 to other hydrophobic residues decreases the reaction 
activity [17]. Since INC has a Leu at the P2 position and 
2NC has a Phe, this may explain why 2NC was cleaved 
less efficiently than INC by SARS-CoV 3CL pro . 

Our deletion data (Fig. 2) and antibody blocking data 
(Fig. 4) indicate that both the N-terminal 7 amino acids 
and the domain III are important for the enzymatic 
activity of SARS-CoY 3CL pro . Similar conclusion has 
also been reached for the 3CL pro of TGEY [4]. Previous 
crystal structure data have attributed this importance to 
the dimerization function mediated by these two do¬ 
mains [3,4,8,12]. However, a recent study by Chen 
et al. reported that the N-terminal seven amino acids 
of SARS-CoY 3CL pro were not required for enzyme 
dimerization. Instead, they proposed that the N-termi- 
nus-deleted mutant had a conformation that reduced 
the size of the binding pocket, thus creating unfavorable 
conditions for substrate binding [19]. The discrepancy 
about the roles of the N-terminal seven amino acid res¬ 
idues is not completely resolved at this moment and it 
needs to be further investigated by different analytical 
methods. However, no matter what function the N-ter¬ 
minal domain may play, it is definitely important for 
the proteolytic activity of SARS-CoV 3CL pro , as dem¬ 
onstrated by our activity assay. 
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